Motivation: It has been speculated that CpG dinucleotide deficiency in genomes is a consequence of DNA methylation. However, this hypothesis does not adequately explain CpG deficiency in bacteria. The hypothesis based on DNA structure constraint as an alternative explanation was therefore examined. Results: By comparing real bacterial genomes and Markov artificial genomes in the second order, we found that the core structure of a restricted pattern, the TTCGAA pattern, was under represented in low GC content bacterial genomes regardless of CpG dinucleotide level. This is in contrast to the AACGTT pattern, indicating that the counterselection is context-dependent. Further study discovered nine underrepresented patterns that were supposed to be capable of inducing DNA structure constraint. In summary, most of them are in TTCGNA and TTCGAN patterns in both DNA strands. An explanation is also proposed for the strong correlation between GC content and CpG deficiency. The result of random sequence simulation showed that the occurrences of these patterns were correlated with GC content, as well as the percentage of CpG dinucleotides being trapped in these patterns. Finally, we suggest that the degree of counter-selection against these restricted patterns could be influenced by global GC content of a genome. Contact: fcleung@hkucc.hku.hk
INTRODUCTION
CpG dinucleotide, along with TpA dinucleotide, was often found to be deficient in many organisms, including vertebrates, plants, viruses and bacteria (Karlin and Burge, 1995; Karlin, 1998) . The loss of CpG dinucleotides occurs throughout a human's lifetime, accounting for 35% of all the mutations in the human genome (Cooper and Youssoufian, 1988) . On the other hand, we can still identify CpG dinucleotide clusters (termed CpG islands) that are critical to regulation of gene expression mediated by DNA methylation in mammals * To whom correspondence should be addressed. (Bestor, 1990; Bird, 2002) . Because of the biological and medical significance of CpG dinucleotides, it has attracted more attention than other dinucleotides. Several hypotheses had been put forward to explain CpG deficiency. Among these, the DNA methylation hypothesis was the most widely accepted, especially in vertebrates (Bird, 1980; Jeltsch, 2002) . However, our recent work shows that CpG deficiency in bacteria is not accounted to DNA methylation (Wang et al., 2004) . There seems an unknown factor inducing the counterselection on this dinucleotide in bacteria.
A second hypothesis, the DNA structure constraint hypothesis was previously proposed to explain CpG deficiency (Antri et al., 1993b) . In order to discriminate between the dramatically different causes, this study explored the large collection of genome sequences that are now available in the Bacteria kingdom, where a variety of environmental and intrinsic causes might be involved in creating selection pressures on the DNA sequence, to measure CpG abundance in these genomes and explain CpG dinucleotide deficiency if it were to happen. In particular, it was explored as an important parameter to test whether the CpG dinucleotide context would have an influence. Context is naturally a very vague concept and we focused our study on a particular class of patterns where CpG dinucleotides are embedded in structures that are known from biochemical studies to be unusually unstable. In the case of the 5 -CTTCGAAG-3 pattern, the flanking neighbors of the CpG dinucleotide, TT and AA, contribute to the distortion at the CpG dinucleotide in the DNA double helix (Antri et al., 1993b; Lefebvre et al., 1996) . The CpG dinucleotide in this structure was found to be similar to a mismatched T-G base pairing (Antri et al., 1993a; Lefebvre et al., 1996) . Logically, mutations will frequently occur on the CpG dinucleotides in the TTCGAA pattern because of the counterselection on these detrimental sites. This hypothesis is supported by some findings. First, a UV mutagenesis study has shown that CTTCGAAG patterns have a high mutation rate in a supF variant, and that the TT dinucleotide in the pattern is essential in the mutagenesis process (Levy et al., 1996a) . Second, studies show that GC content of a DNA sequence is closely and inversely correlated with CpG deficiency (Aissani and Bernardi, 1991; Pesole et al., 1997) . This may be linked to the effect of DNA structure constraint by assuming that a higher proportion of CpG dinucleotides are embedded into TTCGAA patterns in low GC content sequences. Finally, the context-dependent mutation on CpG dinucleotides has been shown in the human genes. The point mutations on the CpG dinucleotides in P53 genes are more frequently identified in TCGA and TCGG patterns (Ollila et al., 1996) . If the high mutation rate resulted from TTCGAA and TTCGGA patterns (expanded patterns from TCGA and TCGG), this finding would suggest the impact of DNA structure constraint on eukaryotic genomes. All these prompted us to test whether DNA structure constraint can induce CpG dinucleotide deficiency. The hypothesis has been examined in bacterial genomes.
The occurrence of the TTCGAA pattern was compared between bacterial genomes and their corresponding Markov artificial genomes. If the pattern was counterselected, the frequency should be remarkably lower in the real bacterial genomes. Obviously, a single restricted pattern, TTCGAA pattern, is not sufficient to induce CpG deficiency in a bacterial genome. Searching other potential restricted patterns is therefore highly suggested. Three additional groups of patterns of interest were investigated, WWCGWW (W denotes A or T), TTCGNN and NNCGAA (N denotes any nucleotide). We were particularly concerned about the WWCGWW pattern. It was first used to detect potential restricted patterns by rearranging A or T in the neighboring positions of CpG dinucleotides. On the other hand, the WWCGWW pattern could create a local TA-rich environment for CpG dinucleotide. TA richness has been found positively correlated to the degree of CpG deficiency in eukaryotic genomes and viral genomes (Aissani and Bernardi, 1991; Pesole et al., 1997) . We therefore examined how many patterns in the WWCGWW were underrepresented and whether the context-dependent effect was apparently displayed. TTCGNN and NNCGAA patterns were used to test if the flanking TT and AA dinucleotides were able to induce a counterselection against the patterns independently.
As the hypothesis involves the inherent properties of DNA, all the bacterial genomes investigated should show the effect of this fundamental factor. It was therefore expected that, at least as far as the low GC content bacterial genomes were concerned, the underrepresentation would still be observed regardless of CpG dinucleotide frequency.
METHODS

Data sources
The following bacterial genomes were extracted from public databases (abbreviations in parentheses): Bacillus anthracis str. Ames (baan), Bacillus subtilis ( On the basis of CpG relative abundance and GC content, the above bacterial genomes were categorized into three groups. The genomes of group 1 showed significant CpG deficiency (CpG relative abundance is equal to or lower than 0.78) (Karlin et al., 1992) . They were from (GC percentage in parentheses): bobu (28.6%), caje (30.6%), chmu (40.3%), chpn (40.5%), clac (30.9%), clpe (29.4%), funu (27%), lala (35.3%), myga (31.4%), myge (31.6%), mype (25.7%), mypu (26.6%), onph (27.7%), pmsm (30.8%), prma (50.7%), ripr (28.9%), stpn (39.6%), stpy (39.6%), sypc (47.6%), thel (53.9%), thte (37.6%), wigl (22.5%) and woen (35.2%). Group 2, as a control, consisted of low GC content genomes (GC% ≤ 45%), but CpG relative abundance was in a normal range (between 0.82 and 1.20). They were from: baan (35.4%), bath (42.8%), buap (26.3%), basu (43.5%), enfa (37.5%), hadu (38.2%), hain (38.2%), hepy (39%), lein (35%), liin (37.3%), limo (38%), mypn (40.1%), ocih (35.7%), pamu (40.3%), rico (32.4%), stau (32.7%) and urur (25.5%). The bacterial genomes of group 3 were characterized by high GC content and normal CpG relative abundance level, the genomes were from: bilo (60.2%), bope (67.7%), brme (57%), brsu (57.2%), cacr (67.1%), cogl (53.7%), dera (66.7%), esco (50.8%), gesu (60.9%), glvi (62%), mybo (65.6%), myle (57.7%), mytu (65.5%), neme (51.4%), nieu (50.7%), pspu (61.6%), raso (66.8%), saty (52.2%), shfl (50.9%), sime (62.6%), trpa (52.8%) and xyfa (52.6%).
Construction of Markov artificial genomes
The algorithm used in this construction work was that a nucleotide was added in position n + 1 with the possibility determined by a nucleotide in position n (Merino and Garciarrubio, 2000) . During the extension of a second-order Markov sequence, a new nucleotide following a nucleotide X was added with the possibility that it should have in a real genome. The possibilities could be calculated as follows. The amounts of A, G, C and T in the closely successive positions of nucleotide X in a real bacterial genome were calculated individually. The possibility of A following X was calculated as N XpA /N X . In each extension procedure, it would be reset, depending on the nucleotide showed up in position X. The second-order Markov sequence was extended until it was in the same size of the real bacterial genome. It was thus called an artificial bacterial genome. Ten artificial genomes were generated for each bacterial genome.
RESULTS
The patterns involved in DNA structure constraint are context-dependent
The difficulty of this test lies in the calculation for oligonucleotide frequency. The Markov artificial bacterial genomes in the second order were used in this test, rather than the traditional statistical methods (Karlin et al., 1992; Schbath et al., 1995) . A second-order Markov sequence is a simulated sequence containing the same number of CpG dinucleotide, as well as all the other dinucleotides, to those found in a real sequence. But a bacterial genome is not a simple Markov sequence in the second order. It shows biases on the composition of many oligonucleotides longer than dinucleotides. By comparing occurrences of an oligonucleotide in the artificial and the corresponding real genome, we are able to find the composition bias for this oligonucleotide in the real genome.
In terms of the DNA structure constraint hypothesis, the restricted pattern was context-dependent. As the TT and AA dinucleotides might induce the mutation on the central CpG dinucleotides in the TTCGAA patterns, they were supposed to be underrepresented in a real genome. In addition to TTCGAA, AACGTT pattern was included in the study as a control. A close or even higher occurrence of the AACGTT pattern was expected in a real genome compared to the corresponding artificial genome.
In Tables 1-3 , the occurrences of the TTCGAA and AACGTT patterns in both the real genomes and the artificial genomes are listed. For the TTCGAA pattern, except in P.marinus subsp. marinus genome, all the occurrences in the real genomes from group 1 and group 2 are significantly lower than those in the artificial genomes (χ 2 -test, in most cases, P < 0.001) (Tables 1 and 2 ). In the case of the AACGTT pattern, a good agreement with the expectation is found in 18 species from group 1 and 11 species from group 2. However, the results in a total of 11 species are opposite to the expectation, wherein the occurrence of the AACGTT pattern is significantly lower in the real genomes (Tables 1 and 2 ). We later found that these exceptions could not reject the expectation at group level. When the data from all the species were subjected to a t-test (see below), the individual exception was balanced by the results of other species. The results of group 3 were neither in agreement with the expectations nor as remarkable as in the other two groups. The number of the species in which expected results were observed was 12 and 6 respectively for the TTCGAA and AACGTT patterns (Table 3) . This probably results from the global environment of high GC content in a genome.
More patterns supposed to induce counterselection on CpG dinucleotide
More patterns potentially inducing DNA structure constraint were searched in WWCGWW, TTCGNN and NNCGAA patterns. The occurrences of these patterns were counted in the real and artificial genomes, according to the same method used on the TTCGAA and AACGTT patterns. To balance the individual exceptional result and get a general trend at group level, we performed t-tests (matched samples) on the genomes in one of the groups. In the case of TTCGAA pattern in group 1, the data in Table 1 were used in the t-test. A significant positive t-test value means that the occurrences in artificial genomes are significantly larger than in real genomes. The t-test results from groups 1 and 2 are shown in Table 4 . The results of group 3 were rather irregular, and thus not shown in the table. Patterns that had significant t-test values (P < 0.05) in both groups were considered to be underrepresented. Some t-test values are significant in only one group (Table 4 ). Since DNA structure constraint has been supposed to be the source of underrepresentation, this result indicates that the counterselection against these patterns is not constantly strong in all bacterial species. They are therefore not accepted to be common restricted patterns.
The investigation of the WWCGWW pattern in both groups shows that the occurrence of TTCGAA pattern, but not AACGTT pattern, is significantly underrepresented (t-test, P < 0.001) (Table 4 ). Except for ATCGAA pattern and TTCGAT pattern, the underrepresentation is not shown in these hexanucleotides. For the TTCGNN and NNCGAA patterns, we found the underrepresentation in the following patterns NTCGAA, TTCGAN, TNCGAA (N not C or A) and TTCGNA (N not T or G) (Table 4 ). In sum, nine patterns were discovered to be underrepresented.
In this test, no conclusive result was found in group 3. This is consistent to the result in Table 3 and can be explained DNA structure constraint inducing CpG deficiency in bacteria by the same means. Since we only accepted the patterns that show significant underrepresentation in groups 1 and 2, the boundary between the both groups had thus been broken. The result actually shows a feature of low GC content bacteria. Therefore, the common patterns are under significant counterselection only in low GC content bacterial genomes regardless of CpG level. This implies the known negative correlation between GC content and CpG deficiency. In addition, the results in Table 4 demonstrate the context-dependent effect in more details. 
CpG dinucleotide is more deficient in low GC content bacterial genomes
The correlation between GC richness and degree of CpG deficiency had been clearly demonstrated by previous studies. A plausible hypothesis for CpG deficiency should be able to explain the correlation successfully. Duret and Galtier (2000) suggested that the correlation was a mathematical artifact due to high mutation rate from CpG to TpG. This appears to be a convincing explanation based on the DNA methylation hypothesis. However, our previous work suggested that DNA methylation was not the source of CpG deficiency in bacteria (Wang et al., 2004) . Efforts in this study had attempted to find another explanation. The changing trend in the occurrence of the TTCGAA pattern was first normalized in different GC contents. This step was fulfilled by random sequence simulation. Random 1 Mb sequences were generated with GC contents ranging from 20 to 70% in an increment of 5%. The occurrence of the TTCGAA pattern is at its peak when the GC content is 30% ( Fig. 1B and D) , demonstrating that the occurrence is GC content-dependent. The occurrences of the patterns in the real genomes and the artificial genomes were then compared with the normalized occurrences under different GC contents. They were first converted to occurrences per 1 Mb genomic sequence, and then plotted against the GC content. Figure 1A and B show the results of the AACGTT and TTCGAA patterns respectively in group 1; Figure 1C and D show the results of the species in both group 2 and group 3. All the occurrences of TTCGAA pattern in the real genomes of group 1 and group 2 are smaller than those in the artificial genomes and the normalized occurrences. The dots representing the occurrences of the TTCGAA pattern in the real genomes are not coincident with those in the artificial genomes ( Fig. 1B  and D) . These results directly show that TTCGAA pattern is under-represented in both group 1 and group 2. In addition, it was observed that the bacteria species with extremely high GC content (over 60%) did not show the strong discrepancy in the occurrence of the TTCGAA pattern between the real genomes and the artificial genomes (Fig. 1D ). For the AACGTT pattern, the dots representing the occurrence in the real genomes and artificial genomes overlap ( Fig. 1A  and C ). This means that the occurrences of the AACGTT pattern in the artificial genomes and the real genomes are pretty close.
Note that six of the restricted patterns will show a maximum occurrence in 50% GC content, which is determined by the GC content of these patterns. Thus, the total occurrence of these restriction patterns will not be the maximum in low GC contents. However, the number of CpG dinucleotides is also related to GC content. As a result, the percentage of CpG dinucleotides embedded into these restricted patterns is a prior consideration. The percentages of CpG dinucleotide in the restricted patterns were obtained from a simulation using random sequences under different GC scenarios. The occurrences of CpG dinucleotide and the nine restricted patterns: TTCGAA, TTCGAG, TTCGAC, TTCGAT, CTCGAA, GTCGAA, ATCGAA, TTCGCA and TGCGAA were counted, and then used to calculate the percentages in specific GC contents. In Figure 2 , the negative tendency line steadily decreases from 11.4% at the GC content of 20%. This result supports the previous argument that a higher proportion of CpG dinucleotides are under counterselection in low GC content genomes.
DISCUSSION
The restriction patterns in relation to DNA structure constraint
In bacteria, a study has shown that DNA methylation is not the major cause of CpG dinucleotide deficiency (Wang et al., 2004) . Upon extension, it also fails to explain CpG deficiency in bacteriophages that thrive in bacteria (Karlin et al., 1994) . Therefore, this study casts a light on explaining it in an alternative approach.
In this study, the results show that the underrepresentation of TTCGAA pattern, supporting the assumption that DNA structure constraint is a factor influencing genomic composition. A group of hexanucleotides similar to the TTCGAA pattern was also found to be underrepresented. Thus, DNA structure constraint is very likely the source of CpG deficiency in bacteria. These patterns are associated with different nucleotides flanking the CpG dinucleotide. The similarity to the TTCGAA pattern enables them to have the same impact on genomes. In the four common patterns, TTCGAN and NTCGAA are complementary, as well as TTCGNA and TNCGAA. Therefore, the counterselection on the NTCGAA and TNCGAA patterns can be regarded as that working on the TTCGAN and TTCGNA patterns in the complementary strand. In conclusion, only two common patterns, TTCGAN and TTCGNA (N not T or G), on both strands are thought to be the sources of DNA structure constraint in this study. Thus, the TT dinucleotide upstream of CpG dinucleotide appears to be most critical in these restricted patterns. The presence of an additional nucleotide A in one of the successive two positions of the CpG dinucleotide is complementary to introduce DNA structure constraint. The importance of the TT dinucleotide in these patterns has already been suggested in a previous report (Levy et al., 1996a) .
Although some restricted patterns in bacteria have been discovered in this study, it is still difficult to ascertain that these patterns are capable of inducing global CpG deficiency. The difficulty rests on how to accurately estimate the actual fraction of these patterns in all hexanucleotides containing a central CpG dinucleotide. The simulation with random sequences in this study can only show the changing trend of the percentages in different GC contents rather than the actual values in the real genomes. Furthermore, gathering the values in current bacterial genomes is highly feasible, but the values in the very early stage of bacterial evolution are almost impossible to obtain. The values in early stage are important in estimating in what a fraction the CpG dinucleotides have been depleted from the restriction patterns.
Based on the following facts, the trend line discovered in this study should be elevated to reflect the values in early evolution history. During the calculation of the percentages, several patterns that showed the significant discrepancy in one group had not been taken into account yet. The patterns introducing less structural constraint should be taken into account as well, because they also contribute to the counterselection on CpG dinucleotides. Moreover, TT dinucleotides were found to be over-represented in many bacterial genomes and no case of underrepresentation was observed (Karlin, 1998) . TT-containing patterns in evolution history should generally be more abundant than in random sequences. In sum, we suggest that the actual percentages should be higher. Whereas we cannot estimate the difference between the values from random sequences and those from the bacterial genomes in the past status. The difference is supposed to be smaller in higher GC contents due to the effect of GC content to DNA structure constraint. We therefore suggest that the mutation pressure on the CpG dinucleotides tend to be heavier as GC content decreases. The current CpG dinucleotide level of the genome would in some degree reflect the length of the evolution history in a given bacterial species.
CpG deficiency is linked to GC content in two aspects
It should be stressed that not only can the nearest neighbors facilitate CpG dinucleotide's ability to distort normal DNA conformation, but also more distant nucleotides play a role in the process (Levy et al., 1996b) . It is therefore assumed that DNA structure constraint could be attenuated by a globally high GC content environment in the neighboring positions of the patterns. A bacterial genome with a higher GC content will therefore not encounter increased restriction pressure on CpG dinucleotides in the patterns. This might explain why the expected result could not be observed in group 3. In a low GC content genome, the CpG dinucleotide in a TTTCGAAA pattern is very likely prone to mutate more easily than in a GTTCGAAG pattern. M.pneumoniae and M.genitalium are closely related bacterial species. The different levels of CpG relative abundance in their genomes remain enigmatic. The elevated GC content in M.pneumoniae (40.1%) was the most notable difference from M.genitalium (31.6%). This might have contributed to the normal CpG dinucleotide level in M.pneumoniae.
In conclusion, low GC contents can be linked to significant CpG deficiency in two aspects. First, a higher percentage of CpG dinucleotides are trapped in the restricted patterns in low GC content sequences, giving rise to more remarkable loss of CpG dinucleotides; second, the CpG dinucleotides within the restricted patterns will be under greater pressure of counterselection because of the globally low GC content environment.
Since the constraint on the restricted patterns is related to the nature of DNA structure, all the bacteria with low GC contents should show CpG deficiency. Thus, it was surprising to see that the low GC content bacteria in group 2 are able to keep CpG dinucleotide at normal levels. Probably, there are some GC-rich islands in these bacterial genomes as a mechanism preserving CpG dinucleotides. They disperse in the bacterial genomes and affect the genomic organization. Perhaps, some factors concerning DNA structure stability have not been discovered or studied in detail.
Why traditional methods could not detect these underrepresentations
Theoretically, employing Markov artificial genomes in the fifth order is the most straightforward approach to detect the underrepresentation at the hexanucleotide level. Only studies on these fifth-order Markov sequences can ensure that the underrepresentation at this level is not the result of the counterselection on dinucleotides, trinucleotides, tetranucleotides and pentanucleotides in the content of the hexanucleotide, because the artificial and real genomes will contain the same occurrences of mononucleotide up to pentanucleotide. Thus, if we find the discrepancy in occurrence of a hexanucleotide between the artificial and real genomes, it will be confirmed to be underrepresented. This is the commonly accepted method in measuring relative abundance of hexanucleotide (Karlin et al., 1992) . However, all the restriction patterns identified in this study were surprisingly not found to be underrepresented by using this method (Daniel Yip, HKU-Pasteur Centre, personal communication). Schbath et al. (1995) developed an alternative statistical method to detect the over-and underrepresentation of oligonucleotides. The Markov chain models were applied as well. In the successive studies, this method was used to survey bacterial genomes and evaluate the impact of restriction-methylation systems on palindromic sites. Unfortunately, all the restriction patterns including the palindromic TTCGAA pattern were not among the underrepresented patterns (Gelfand and Koonin, 1997; Rocha et al., 2001) .
The specific neighbor-dependent effect of CpG deficiency is probably the explanation to the puzzle. This effect means that CpG deficiency strongly depends on the flanking nucleotides. As in this study, the counter-selection on TTCGAN and TTCGNA patterns on both strands are supposed to be the source of CpG deficiency in the bacterial genomes, the dinucleotide deficiency here is accompanied by the underrepresentation of at least TTCG, CGAA, TTCGA and TCGAA patterns. Since the underrepresentation of the TTCGA pattern is closely associated with that of the TTCGAA pattern, it is unlikely to find the quantitative discrepancy in occurrence between real and fifth-order Markov artificial genomes. This can be explained by the difference in counterselection mechanism. The counterselection in this study is neighbordependent and different from that induced by the binding of some important regulons. Suppose that the TTCGAA pattern was the recognition site of a common bacterial regulon, the underrepresentation would only be found on the TTCGAA pattern rather than TTCG, CGAA, TTCGA and TCGAA patterns. In such a case, the tetranucleotides and pentanucleotides are not the recognition site of the regulon, and the TTCGAA pattern as a whole is recognized. Those generally accepted methods are supposed to be applicable to find its underrepresentation. A similar case is the counterselection on the recognition sites of restriction-methylation systems. This is the reason why the underrepresentation of the restriction patterns in this study was not detected by previous studies.
The artificial genome that we used in this study was in a simple model, i.e. Markov chain in the second order. But the model has to be restricted in this order because of the neighbor-dependent effect. The high-order Markov sequences have been argued to be inappropriate to this special case. Perhaps the Markov chain in the third order can be used to provide further support, but we should first evaluate that to what a degree the TCG and CGA trinucleotides have been underrepresented. Even if the simple model was used in this study, the conclusion is already highly reliable. As indicated by many previous studies, a second-order Markov sequence can reflect the 'word' frequencies (at least tetranucleotide frequency) of a real genome at a high degree (Almagor, 1983; Philips et al., 1987) . Finally, no matter whether the conclusion can be confirmed or not by future studies, this study at least paves a way and provides a potential into DNA structure constraint research.
CONCLUSIONS
In this study, it was demonstrated that the hexanucleotides introducing DNA structure constraint were generally underrepresented and therefore supposed to be the source of CpG deficiency in bacteria. The constraint was a fundamental factor involving the nature of DNA molecule, and thus, more important than DNA methylation hypothesis in explaining CpG deficiency in a variety of genomes. It should be noted, however, that it is difficult to give a solid explanation for an individual species that does not show CpG deficiency. To understand the diversity of CpG dinucleotide levels in the bacteria, we need full insight into the differences in living environments, cell structure and genome construction of the bacteria.
This study also provides evidence to explain the strong association between GC content and CpG deficiency. Interestingly, in vertebrate genomes, significant CpG deficiency is also related to low GC content (Caccio et al., 1997) . It is very likely that the DNA structure constraint is an underlying force depleting CpG dinucleotides in vertebrates, and DNA methylation is the apparent and major factor inducing CpG dinucleotide deficiency. Furthermore, the clustering of C and G as a means of CpG dinucleotide protection is also the hypothetical reason for the presence of GC-rich isochores in mammalian genomes (Bernardi et al., 1985) . This may also explain why CpG islands are generally present in GC-rich regions. Our preliminary study also shows that the underrepresentation of TTCGAA pattern is apparent in the human but not in the Drosophila genome.
The findings in this study have a potentially important application. In recent years, the DNA vaccine became a feasible technique in immunological study (Krieg, 1996 (Krieg, , 2002 . The CpG-containing oligonucleotides were studied and used as immune adjuvants. The optimal CpG motifs in activating immune cells are GACGTT and GTCGTT (Krieg, 2002) . These motifs are generally underrepresented in mammals because of extreme deficiency in CpG dinucleotides. In contrast, these patterns are generally not deficient in bacteria according to the results. Consequently, they can be easily recognized as foreign DNA when they invade hosts. In the case of TTCGAA pattern, it is underrepresented in bacteria as well as in mammals. This might make it escape the detection of immune cells. Perhaps, the impact of DNA methylation on CpG dinucleotides is so strong that contextdependent effect is already very weak in vertebrates, rendering it possible to ignore the difference in frequency between TTCGNN and NNCGTT. NNCGTT pattern is therefore better than TTCGNN as a candidate for DNA vaccine. This serves as a guide for choosing CpG motif, potentially useful in stimulating the immune systems.
Clearly, this in silico work has promising practical and theoretical applications. Similar to what has been done on TTCGAA pattern to unveil its unstable DNA structure, evidence from both physiochemical and molecular biological experiments is required to further reinforce the speculated property of the other restricted patterns discovered in this study. this manuscript. We are also grateful to the fund support from the RGC of Hong Kong.
